Abstract: A numerical analysis of a novel birefringent photonic crystal fiber (PCF) biosensor constructed on the surface plasmon resonance (SPR) model is presented in this paper. This biosensor configuration utilizes circular air holes to introduce birefringence into the structure. This PCF biosensor model shows promise in the area of multiple detection using HE x 11 and HE y 11 modes to sense more than one analyte. A numerical study of the biosensor is performed in two interrogation modes: amplitude and wavelength. Sensor resolution values with spectral interrogation yielded 5 Â 10 À5 RIU (refractive index units) for HE x 11 modes and 6 Â 10 À5 RIU for HE y 11 modes, whereas 3 Â 10 À5 RIU for HE 
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Introduction
In recent years, surface plasmon resonance (SPR) sensing has been accepted to be a robust and effective method of direct sensing [1] . Presently, SPR based sensing technique is by far the most advanced form of real time label free sensing. It has been used extensively in the study of biomolecular interactions (BIA) and in the recognition of target analytes, both chemical and biological [1] - [3] . It is has therefore found several applications in the areas of food safety, biochemical technology, medicine, and other daily-life applications [4] . Many present day SPR biosensors on the market are based on the traditional prism-coupled configuration. The largesize and the existence of several optical and mechanical components make optimization and commercial production of prism based sensors on a large scale difficult [5] . In addition, they cannot easily be miniaturized or incorporated into other systems [6] , [7] , resulting in the need to develop compact, robust and highly sensitive SPR biosensors that can be used for measurements outside a laboratory [2] , [3] , [7] - [10] .
In recent times, various compact structures allowing coupling of optical waveguide modes and surface plasmon waveshave been reported: metallized single-mode, lapped D-shaped fiber sensors, polarization maintaining, metallized tapered fibers [13] - [15] , and, recently, PCF employing elliptical air holes with metallic slots [16] . Fiber optic SPR biosensors are compact, offer multiplexing, remote sensing and device miniaturization [14] - [16] . These designs are focused on the coupling of a leaky fundamental mode to the surface plasmon polaritons (SPP), which are surface electromagnetic excitation on the metal layer in the micro-structure [17] .
PCFs, also known as holey fibers, are fabricated from a sole substrate such as glass with an even distribution oftiny holes along the fiber length [18] . The introduction of PCFs has opened up new possibilities, some of which are light guidance through vacuum, unusual dispersion properties, high confinement of light and tunable non-linear effects [19] , [20] . Such unique characteristics of PCFs have sparked growing interest intheir use in fields such as high power applications, signal processing, and sensing. As a result, various types of SPR based microstructured optical fiber (MOF) sensors and photonic bandgap SPR sensors have been proposed [22] - [25] .
In this paper, we report a numerical study on a novel highly birefringent PCF biosensor based on SPR, optimized tofunction in aquatic environments. Fig. 1 shows the structure of the proposed SPR sensor. It is composed of asmall air hole in the center to aid coupling between guided and plasmon modes, two metallized micro fluidic slots and a number of are holes of varying diameters for guiding the light. Investigation of key performance parameters for example, birefringence, confinement loss, and sensitivity, was achieved using a full-vectorial Finite Element Method (FEM), with anisotropic (PML) Perfectly Matched Layers.
With regard to sensitivity, the proposed SPR biosensor is comparable to those in [4] and [5] . Furthermore, fabrication of the structure should not be much of a problemdue to the few air holes and large channels for housing the analyte. The thin gold layer on the inner surfaces of the micro fluidic slots can be achieved using high pressure chemical vapor deposition technique, thermal evaporation, or a sputtering method [26] . Alternatively, electroless plating techniques used in fabrication of metallized hollow waveguides and microstructures can also be employed to deposit the required amount of gold [27] , [28] .
Theory
The cross section of the PCF depicted in Fig. 1 is divided into a mesh of triangular subspaces within each of Maxwell's equations is solved, taking into account neighboring subspaces using FEM. Triangular subspaces represent circular structures better than any other, hence the reason for their use in this case [20] , [29] , [30] . The following is the vectorial wave equation derived from Maxwell's equations [20] , [22] - [30] :
where [s] represents the PML 3Â 3 matrix, ½s À1 is the inverse of [s] matrix, k 0 ð¼ 2=Þ is the wave number in vacuum, E is the electric field vector, n is the refractive index of the domain and represents the operating wavelength, and the propagating constant is ¼ n eff k 0 (2) where n eff is the effective index of the mode. If ¼ 0 , the wavelength in a vacuum, then
where eff ¼ 0 =n eff is the z-directional component of the wavelength in the medium, and (the propagation constant) is the phase rotation per unitdistance. The effective index n eff is the ratio of a wavelength in a given medium to that in a vacuum or as the ratio of a phase rotation in a medium to that in a vacuum.
The propagation constant of a surface plasmon wave (SPW) such a wave is defined as
where !, c, " m , and " d represent the angular frequency, the speed oflight in vacuum and the dielectric functions of the metal and dielectric, respectively [1] .
In waveguides, coupling of the core mode to the plasmon mode at phase matching excites the SPW on the metal surface. Mathematically, the effective indices of the two modes at a given wavelength of operation are equal [23] .
Sensing the change in the confinement loss of the PCF when the core-guided mode is coupled to the plasmon mode at the phase matching point is the underlying detection mechanism for most sensor designs. In the following equation, confinement loss calculations utilize the imaginary part of the complex refractive index n eff [20] : 40 lnð10Þ
Imðn eff Þ Â 10 4 % 8:686 0 Imðn eff Þ Â 10 4 ½dB/cm:
Simulation and Results
The proposed PCF biosensor, as illustrated in Fig. 1 , is composed of a hexagonal lattice of circular air holes of varyingradii and a central tiny air hole. The large circular air holes, denoted by d m , are used to introduce birefringence into the structure. Tuning of the phase matching point of the core mode to the plasmon mode is achieved with the small circular hole at the center of the structure denoted byd 1 . The presence of d 1 at the center of the structure reduces the refractive index in central core area. The pitch, denoted by Ã, is the inter air hole spacing. The two holes in the first ring distort the perfect symmetry of the guided core mode thereby introducing birefringence into the module. The four large holes in the second ring are used to vary the amount of birefringence being introduced. Additionally, the second ring forms a cladding with low refractive index which enables wave guidance. The third ring is composed of two gold coated slots of same thickness d 3 which house the analyte. Throughout this study the slot gap d s is set equal to d 1 . The birefringent nature of the SPR based PCF sensor requires this channel design to provide enough coverage for the two polarized modes. The slots have gold layers (thickness t Au ) on which the surface plasmon would be excited. The Sellmeier equation is used to model the background material (silica) [31] nðÞ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi
where n is the index of refraction, and ðmÞ is wavelength, with B ði¼1;2;3Þ and C ði¼1;2;3Þ as Sellmeier coefficients. The values of the coefficients are defined as follows:
and C 3 ¼ 97:9340025 m 2 [29] . Gold permittivity is modeled from Johnson and Christy data [32] . Full vectorial FEM is employed in all simulations. The schematic of the PCF SPR biosensor model is divided into triangular pieces forming a mesh. In this way, accurate representation of the step index profile is achieved. The solver settings of FEM based on anisotropic perfectly matched layers (PML) enable any desired number of confined and leaky modes to be analyzed. PML as a boundary condition enables accurate analysis leaky modes propagating through [30] . The primary focus of the study is the fundamental modes HE x 11 and HE y 11 . Since the wave propagates in the zdirection, modal analysis of the fundamental mode has been performed in the x-y plane of the cross section.
Our analysis begins with the investigation of the biosensor under study for good sensing capabilities. These are the structural parameters: The results for the two procedures are illustrated in Fig. 2 . The plots in Fig. 2 shows loss spectra for both fundamental modes, HE x 11 and HE y 11 . The change in analyte refractive index from 1.33 to 1.34 causes the loss peak at resonance to shift (dashed curves). The peaks correspond to the phase matching points between the respective guided modes in the core and plasmon modes as illustrated in Fig. 2 . Fig. 3 shows the magnetic field distribution for both HE x 11 and HE y 11 (fundamental modes), near the region ofthe plasmonic peaks of the PCF SPR biosensor under study. Fig. 3 illustrates that there is relatively much leakage into the analyte filled slots for the case of HE x 11 in comparison to that of HE y 11 . This explains the relatively higher losses shown in Fig. 2 Like many other fiber based SPR sensors, the proposed sensor operates very near to the phase matching point when there is coupling of the core guided mode to the surface plasmon wave propagating on the metal surface. Magnetic field profiles of the respective surface plasmons on the metal surface have been shown in Fig. 4(a) and (b) . Fig. 4 also shows the dispersion relationship between the guided core mode (solid curves) and plasmon mode (dashed curves). It shows the phase matching points of the core-guided and plasmon modes for both x and y polarizations. The x-polarized fundamental core guided mode ðHE Another compelling proof for the knowledge that there is coupling between the fundamental and plasmon modes at thephase matching point is featured in Fig. 5 . It displays the dispersion relationship of the proposed plasmon biosensor with and without the gold layer. It is easily observed that the effective indices of the fundamental polarized modes for both setups are in close proximity [14] .
Surface plasmon waves propagate along the metallized surface. Hence, the thickness of the metal layer affects theintensity of the surface excitations hence the sensitivity of the plasmon mode. We investigate the shifts in the plasmonic peak spectra by varying t Au from 40 nm to 50 nm. The refractive index the analyte (1.33) together with all other structural variables are held constant for all variations in the thickness of the gold layer. The loss spectra for the fundamental polarized modes for each scenario are illustrated in Fig. 6 . It is observed from Fig. 6 that there is a decrease in modal propagation loss as gold thicknessis varied from 40 nm to 50 nm.
Additionally, the resonant peak at the phase matching point shifts to higher wavelengths as t Au increases. The relationship between resonant wavelength and metal layer thickness provides a way of studying interactions of nanoparticles on the metallic surface ofthe sensor [25] . A more practical approach would be its use in photodynamic cancer therapy [25] .
The current design employs a central air hole to phase tune the plasmon mode to match that of the core guided mode. For this reason, the next phase of our study will investigate, the role of Additionally, it can be observed that the modal refractive index reduces, as shown in Fig. 8 , as the core guided mode is pushed out from the central core region toward the metallized surface resulting in the shift of the plasmon peaks toward longer wave lengths (see Fig. 7 ).
Characterization of Sensor Sensitivity
The operation of most SPR sensors is based on the detection of change in the bulk refractive index of the analyte [1] , [10] , [25] . The analyte refractive index has a sturdy dependence on the real part of the complex refractive index of the plasmon wave. This makes coupling of the guided-core mode with the plasmon at phase matching responsive to variations in the refractive index of the analyte [1] , [25] The two main interrogation methods used are: amplitude or phase interrogation and wavelength or spectral interrogation. In amplitude interrogation, sensitivity is measured at a single wavelength, which makes this interrogation technique very low cost and simple since there is no need for spectral manipulation [1] .
The demerit, however, is in its narrow operation scope and lower sensitivity as compared to spectral sensitivity [1] , [25] . Amplitude sensitivity is given by [25] S A ðÞ ¼ À @ð; nÞ @n a ð; n a Þ ½RIU À1
where ð; n a Þ is the attenuation of the core mode at a particular wavelength. Fig. 9 illustrates the amplitude sensitivity of our bio-sensor for varyingthickness of gold. The HE , respectively, are attained if it is assumed that a change of 1% in the transmitted intensity can be detected reliably. Fig. 9 also describes the inverse relationship between sensitivity and goldlayer thickness. As the metal thickness increases (larger than skin depth, $20-30 nm), there is less penetration of the core mode into the metal, resulting in weak coupling with surface plasmon modes, subsequently affecting the sensitivity. Despite this behavior, the HE x 11 mode records relatively higher sensitivity value as compared to that of the HE y 11 mode because its relatively higher mode presence in the metallic region.
In what follows, we proceed to investigate the sensitivity of the proposed sensor when operated in the wavelength interrogation mode. The sensitivity in this case is given as [1] S ðÞ ¼ @ peak @n a ½nm/RIU
where peak represents the wavelength of the plasmonic peak at resonance condition. Shift in the plasmonic peaks for the loss spectra during variation int Au is illustrated in Fig. 10 . The maximum shift in peak for both HE To investigate the effect of birefringence on the spectral sensitivity, the parameter d m =Ã is made to take on values from 0.40 to 0.60 without varying any of the other structural parameters. Loss spectra for all variations of d m =Ã were plotted along with the birefringence values at resonance peaks for both fundamental modes 4 (HE ) also decrease. This is because the coreguided mode is confined more to the core of the PCF. Fig. 11 also features a general decrease of spectral sensitivity as birefringence decreases resulting in the shifting of resonance peaks to shorter wavelengths for both fundamental modes (HE Analysis performed so far indicates that it is possible to optimize the structural parameters of the proposed sensorto realize different sensors of various lengths, taking into consideration the inverse law relationship between sensor length and modal losses.
The high losses at the plasmonic peaks of the proposed PCF SPR sensor limit it to the centimeter scale to enable easy detection of the signal. Such a structure is best considered as an integrated photonics element rather than a fiber. However, these losses can be reduced by optimizing structural parameters such as t Au , d m , and d 1 as discussed in the previous sections. There must, however, be a compromise between high sensitivity and low losses.
The analysis presented so far indicate the possibility of realizing a PCF SPR sensor with differential sensitivities as far as the fundamental modes HE modes. This particular feature will beuseful in applications where simultaneous observation of both bulk and surface contributions to sensor response is required and also multi analyte/multi-channel sensing. Some researchers have successfully demonstrated both theoretically and experimentally the importance of such a feature in SPR biosensors [30] - [32] .
Conclusion
A detailed theoretical study of a novel PCF SPR biosensor has been presented in this paper. The biosensor structure is made up of a combination of microfluidic channels, waveguide and metallized layers making this design compact, in contrast to other common SPR biosensors. The coupling conditions at resonance, sensitivity, and loss spectra of this SPR based PCF biosensor have been investigated using a finite element method with perfectly matched layers. Furthermore, it has been demonstrated that the proposed sensor has differential sensitivity as far as the fundamental modes HE [4] and [5] . Fabrication of the structure should not be much of a problem due to the few air holes and large channels for housing the analyte. The thin gold layer on the inner surfaces of the micro fluidicslots can be achieved using high pressure chemical vapor deposition technique, thermal evaporation or a sputtering method [26] . Alternatively, electroless plating techniques used in fabrication of metallized hollow waveguides and microstructures can also be employed to deposit required amount of gold [27] , [28] .
